This paper reveals the fact that the O adatoms (O ad ) adsorbed on the 5-fold Ti rows of rutile TiO 2 (110) react with CO to form CO 2 at room temperature and the oxidation reaction is pronouncedly enhanced by Au nano-clusters deposited on the above O-rich TiO 2 (110) surfaces. The optimum activity is obtained for 2D clusters with a lateral size of ~1.5 nm and two-atomic layer height corresponding to ~50 Au atoms/cluster. This strong activity emerging is attributed to an electronic charge transfer from Au clusters to O-rich TiO 2 (110) supports observed clearly by work function measurement, which results in an interface dipole. The interface dipoles lower the potential barrier for dissociative O 2 adsorption on the surface and also enhance the reaction of CO with the O ad atoms to form CO 2 owing to the electric field of the interface dipoles which generate an attractive force upon polar CO molecules and thus prolong the duration time on the Au nano-clusters. This electric field is screened by the valence electrons of Au clusters except near the perimeter interfaces, thereby the activity is diminished for three-dimensional clusters with a larger size.
species and thus O adsorption and desorption accompany electronic charge transfer via exchange of Ti 3+ ↔ Ti 4+ [17] [18] [19] [20] . The adsorbed O is assigned by isotopically labeled 18 O, which is detected by MEIS separately from 16 O [15, 16] . In this study, we demonstrate a pronounced enhancement of the CO oxidation reaction by Au nano-clusters deposited on the rutile TiO 2 (110) surfaces. The mechanism of the emerging catalytic activity of Au nano-clusters is elucidated in terms of electronic charge transfer between Au nano-clusters and the support, which is evaluated quantitatively by binding energy shifts of O 2s, Ti 3p, and valence band edge as well as work function measurements. The activity of Au nano-clusters depends strongly on the size and shape, which are determined by high-resolution MEIS [21] .
combined with medium energy ion scattering (MEIS) analysis using 80 keV He + ions.
Indeed, if such Ti-rich clusters exist on the surface, the spectra from Ti and O become broad under the scattering geometry of the [100]-incidence and [010]-emergence. We employed 80 keV He + ions for analysis of O because of the best sensitivity to such low Z-number atoms, while 120 keV He + beams were used to analyze Au nano-clusters.
We measured ultraviolet photoelectron spectra (UPS) at photon energy of 50 eV close to the resonance energy of 47 eV [24] using SR-light. Valence band spectra including the Ti 3d defect state seen ~0.8 eV below the E F as well as O 2s and Ti 3p
lines were observed at [ 0 1 1 ] azimuth under normal emission condition. Note that observation at the [ 0 1 1 ]-azimuth is more sensitive to the Ti 3d defect state intensity rather than the [001]-azimuth. The UPS analysis is also available to check the Ti-rich clusters, which give broad valence band spectra, clearly distinguished from those for the clean 1×1 surface. We also measured the work function by taking secondary electron emission spectra induced by 140 eV photon impact on the sample surfaces, which were negatively biased [25] .
We prepared the O-TiO 2 (110) surfaces by exposure of O 2 (5N) onto reduced surfaces denoted by R-TiO 2 (110), which were formed by sputtering with 0.75 keV Ar + followed by annealing at 870 K for 10 min in UHV. The above O 2 exposure was carried out starting from a temperature of ~325 K and down to RT at a same O 2 pressure (5×10 -6 Torr). It is difficult to prepare a perfectly stoichiometric surface, because annealing R-TiO 2 (110) surfaces in an O 2 ambience causes extraction of Ti-int atoms from the bulk and near-surface region to form added-layers of TiO 2 (110) often a partially incomplete surface structure involving Ti 2 O 3 -like clusters [26] . Despite that we tried to form almost a stoichiometric surface by exposing the R-TiO 2 (110) surface to O 2 (1×10 −6 Torr) at 820 K for 5 min (300 L; 1 L = 10 −6 Torr s). The nearly stoichiometric surface was confirmed by MEIS and UPS as mentioned before.
Au nano-clusters were grown on TiO 2 (110) at RT by molecular beam epitaxy at a deposition rate of 0.2~0.3 ML/min, where 1 ML is equal to atoms/cm 2 , corresponding to the areal number density of Au(111). The average size and shape (two-dimensional (2D) and three-dimensional (3D)) were determined by high-resolution MEIS [21] . Here, the 2D clusters were defined by the height below two atomic layers and the 3D shape was approximated by a partial sphere with a diameter d and height h.
Note that the RHEED, MEIS, and UPS analyses were made at RT and all the 
III. RESULTS AND DISCUSSION

A. Growth mode of Au nano-clusters
We first analyzed the growth mode of Au nano-clusters on the O-TiO 2 (110) by high-resolution MEIS.
Before showing the results, we briefly explain the characteristics of the MEIS analysis, which is based on the binary collision approximation. If an ion with an incident energy of E 0 is scattered by a target atom, the scattered energy is given by
where θ , M 1 , and M 2 are scattering angle and projectile and target masses, respectively.
Thus a scattering with a lighter atom results in a smaller scattered energy (E 1 ) allowing for a target mass analysis. If an ion undergoes a binary elastic scattering in a solid at a depth of x, the ion loses its energy gradually via interactions with the electrons of the solid mainly valence electrons. This energy loss proportional to a path-length in the solid gives the information about the depth where the ion undergoes the large angle scattering (usually more than 10°). The scattering yield from some target atom species (j) is basically given by
where [21, 27] . In the present MEIS analysis, the EMG (exponentially modified Gaussian shape) function was employed as an asymmetric line shape [28, 29] . Closed circles denote areal occupation ratios of 2D plus 3D clusters.
B. Reaction of CO with O ad atoms
Our concern is the enhancement of CO oxidation at RT mediated by Au nano-clusters. [2] reported that CO exposure at RT had no effect on the morphology of Au(0.25 ML)/TiO 2 (110), which was observed by STM.
We also measured by MEIS the amounts of 18 remarkably that on O-TiO 2 . As can be seen from Fig. 4 We exposed Au(0.08 ML)/O-TiO 2 (110) to 18 O 2 (1000 L) at ~325 K -RT and then measured the UPS and MEIS spectra, which are shown in Fig. 6 and Fig. 5(b) , respectively. In the UPS measurement, we employed a TiO 2 (110) substrate with a low sheet resistance (100 Ω/□), which has more electronic excess charge than that with a high sheet resistance because of higher density of Ti-int. Except for this case, the sheet resistance of the TiO 2 (110) supports employed here was ~200 Ω/□. For such a TiO 2 substrate with a low sheet resistance, the defect state intensity for the R-TiO 2 (110) exposed to O 2 still maintains 10 -20 % of that for the R-TiO 2 (110) owing to too many subsurface excess charge probably provided by Ti-int. This is explained by the fact that the barrier for O adsorption on the surface increases with increasing the number of O ad from 0.3 up to 0.8 eV, which was predicted by the first principles calculations [17] . This situation is consistent with the recent report [12] that the CO oxidation rate normalized by the total number of Au atoms at the perimeter interfaces is constant at 300 K for Au nano-clusters on TiO 2 (110). Finally we analyzed the size-dependent activity of Au nano-clusters. Figure 8 shows the normalized defect state intensity and the reduction of work function compared with that (5.31 eV) for Au(111) [38] the Au clusters take a 3D shape approximated by a partial sphere with an average diameter of 1.8 and height of 0.9 nm (see Fig. 2 
